Objectives-Low-intensity pulsed ultrasound (LIPUS) combined with porous scaffolds can be used as a new therapy to treat bone defect repair. The aim of this study was to evaluate the effects of 1 and 3.2 MHz LIPUS on osteogenesis on porous Ti64 alloy scaffolds for both in vitro and in vivo studies.
T he healing of bone defects in the maxillofacial region is always a challenge in cases of traumatic or congenital defects or tumor resection. 1 Currently, autologous bone grafts, allograft bone grafts, and artificial bone substitutes are the main clinical repair methods for large bone defects. However, these methods have limitations: the limited source of donor sites in the autologous bone grafts, the possibility of immune rejection in the allograft bone grafts, and the lack of biological functions in the artificial bone substitute materials. 2, 3 In order to make up for the defect of the above methods, complementary therapy has been attracting increasing attention.
Low-intensity pulsed ultrasound (LIPUS), a nonthermal and noninvasive technique that utilizes physical stimulation appears to be a very useful method to improve bone regeneration. LIPUS is a special type of acoustic pulsed energy, and this therapeutic modality is well established and frequently used for the treatment of fresh fractures, delayed healing of fracture and nonunion of bone. [4] [5] [6] LIPUS can produce micromechanical strains in tissues that trigger several cellular responses. 7 LIPUS resulted in shortening the overall bone healing time in several animal models [8] [9] [10] and clinical trials. [11] [12] [13] Recently, some studies have reported the effect of LIPUS on various cellular activities on porous scaffolds, such as cell proliferation, 14, 15 gene expression, 16 collagen synthesis, 17 and protein synthesis. 16, 18 However, these studies were all performed under the confined parameters of LIPUS.
Three major parameters of LIPUS exposure include intensity, exposure time, and frequency. The frequency of LIPUS is especially important for treatment because it contributes to the depth of penetration. Penetration depth is defined as the distance in which 63% of the transmitted energy is absorbed. 19 The value of 1-MHz sonography in soft tissues is given as approximately 4 cm (muscle) to 0.058 cm (bone), and for 3 MHz as approximately 1.1 cm (muscle) to 0.006 cm (bone). Lowfrequency ultrasound waves have greater depth of penetration compare with high-frequency ultrasound waves. In 2 separate studies, El-Bialy et al 20, 21 demonstrated that LIPUS at 1.5 MHz accelerated bone formation in mandibular bone distraction and suggested that the later stages of healing were more enhanced by pulsed ultrasound.
However, it is not clear what parameters for LIPUS will achieve optimal therapeutic bone regeneration on 3-dimensional scaffolds. The aim of this study was to determine the optimal frequency of LIPUS for enhancing bone formation on porous scaffolds through in vitro and in vivo studies.
Materials and Methods

Scaffold Preparation
Three-dimensional porous Ti-6Al-4V (Ti64) scaffolds with extra low interstitials were fabricated by an electron beam melting system (Arcam A1, Arcam, Sweden). These monolithic structures were built layer-by-layer using the precursor, medical-graded Ti64 powders, with an average particle diameter of 50 lm. Each powder layer was created by raking powder gravity fed from 2 cassettes, heating to 730 8C by multiple preheat scans, and melting the selected areas via control by a computeraided design program. The compressive strength and Young's modulus of the studied porous scaffold are 150 MPa and 10 GPa, respectively.
The parameters of the in vitro porous Ti64 scaffolds are as follows 15, 22 : pore size of 400-500 mm, cylindrical block scaffolds 10 mm in diameter and 3 mm in height, and porosity of 65% to70% ( Figure 1A) . The parameters of the in vivo scaffolds are as follows 14, 23, 24 : pore size of 800 lm to 1 mm, dimensions of 10 3 5 3 4 mm, and porosity of 80% ( Figure 1B) .
Before the experiment, the specimens were cleaned using an ultrasonic cleaner and sterilized at 134 8C/0.21 MPa in an autoclave.
Cell Culture
Mouse pre-osteoblast (MC3T3-E1) cells were cultured in alpha-minimum essential medium (a-MEM, HyClone Laboratories Inc., Logan, UT) supplemented with 10% fetal bovine serum (FBS, TianHang Biotech, Zhejiang, China) and 1% penicillin/streptomycin (HyClone Laboratories Inc.). Cells were maintained in an incubator at 37 8C with 5% CO 2 , and medium was changed every 2 days.
The scaffolds were prewetted in culture media for 4 hours using vacuum equipment prior to cell seeding. [PI] ) were seeded onto the scaffold in the 6-well plates (ExCell Biology, Shanghai, China) and incubated for 2 hours in an incubator at 37 8C with 5% CO 2 . Then, 5 mL of media was added to each well, and the seeded scaffolds were further incubated for 24 hours to allow for firm attachment. The specimens were randomly divided into the high-frequency ultrasound group, low-frequency ultrasound group, and control group.
Experimental Animals and Protocols
Thirty mature male New Zealand white rabbits with a mean body weight of 3 6 0.5 kg were used for partial mandibular resection (authorization number: SCXK LU 2015 0001). All animals were supplied by the Xilingjiao Breeding Centre of China Jinan. Healthy rabbits were used in this study after 1 week of observation. The rabbits were subsequently divided into 3 treatment groups, which were subdivided further into 6 subgroups. The first 2 subgroups of animals (n 5 5 in each) received 3.2 MHz ultrasound treatment daily for 3 weeks or 6 weeks. The second 2 subgroups of animals received 1-MHz ultrasound treatment daily for 3 weeks or 6 weeks. Animals in the 2 control groups received sham application for 3 weeks or 6 weeks. The Animal Ethics Committee of China Medical University approved all experiments. All animal experiments complied with the general guidelines on the use of animals in research.
The rabbits were anesthetized by an intramuscular injection of 3% sodium pentobarbital (1 mg/kg, Sinopharm Chemical Reagent, Shanghai, China) and xylazine hydrochloride injection (0.2 mL/kg, Jilin Province Huamu Animal Health Products Co., Ltd, Jilin, China). Then, both sides of the mandibles were shaved. At the mandibular region, 0.5 mL of 1% lidocaine was injected subcutaneously. Then, 3-to 4-cm skin incisions were made. A rectangular defect (10 3 5 3 4 mm) was drilled into the mandibles using an electric hand drill (MZ-06, Shenzhen Wincore Power Tools, Shenzhen, China). During drilling, the site was irrigated using sterile saline solution. The scaffold was then press-fitted into the mandible defect. The subcutaneous tissue and skin were sutured in different layers. For postsurgical treatment, an injection of benzylpenicillin sodium (TIANWUD R , Tianjin, China) (80,000 IU) was administered for 2 days as a prophylaxis against infection.
After 3 or 6 weeks of LIPUS exposure, the rabbits were sacrificed with an overdose of sodium pentobarbital via intravenous injection, and both sides of the mandibles were harvested.
LIPUS Stimulation
LIPUS stimulation was applied using a Sonicator V R 740 (Mettler Electronics Corp, Anaheim, CA) with a 5-cm 2 area unfocused ultrasound applicator (ME 7413). LIPUS stimulation conditions were as follows: high-frequency ultrasound group: 3.2 MHz, intensity of 40 mW/cm 2 , pulse length of 1 millisecond, and a daily exposure of 20 minutes; low-frequency ultrasound group: 1 MHz, intensity of 40 mW/cm 2 , pulse length of 1 millisecond, and a daily exposure of 20 minutes. The sham group was treated in the same set with the ultrasonicator turned off. The experimental apparatus used in the in vitro studies is illustrated schematically in Figure 1C . For in vivo studies, animals were sedated with xylazine hydrochloride injection (0.1 mL/kg), and LIPUS was delivered by a 5-cm 2 area ultrasound transducer placed against the anterior surface of the operated mandible with coupling gel. The LIPUS treatment started the second postoperative day and continued for 3 or 6 weeks as scheduled, and 5 animals (10 operation sites) were included at each time point.
In Vitro Studies
Cell Proliferation After 1, 3, 5, 7, and 9 days of stimulation, the scaffolds were removed into 24-well plates. Then, 60 lL of CCK-8 and 600 mL of medium were added to each well of 24-well plates and incubated for 2 hours. The liquid was removed into 96-well plates, 100 lL each well. The absorbance in each well was measured at 450 nm using an automatic microplate reader. The experiment was repeated 3 times.
Flow Cytometer
After 4 days of stimulation, the scaffolds were removed into 24-well plates and rinsed with phosphate-buffered saline 3 times. Then, 1 mL of 0.25% trypsin was added to digest cells on the scaffolds. The cells were fixed in 70% alcohol at 48C overnight. PI (Dingguo Changsheng Biotech, Beijing, China) was added to each sample to examine the cell cycle via flow cytometer (FACSCalibur; Becton, Dickinson and Company, San Jose, CA). The proliferation index was calculated as follows: Alkaline Phosphatase (ALP) Activity Assay After the cultivated time points (1, 4, 7, and 10 days), the specimens were rinsed 3 times with phosphate-buffered saline, and the cells were lysed using 0.3% Triton X-100. Then, the cells were centrifuged at 12,000 rpm for 5 minutes. The clear supernatant was used to measure ALP activity via an ALP assay kit (Jiancheng Bioengineering Institute, Nanjing, China). The total protein concentration of the supernatant was determined using a bicinchoninic acid protein assay kit (Dingguo Changsheng Biotech, Beijing, China). ALP activity was then calculated according to the following formula:
ALP (U / gprot) 5 [(absorbance of the measuring tube -absorbance of the blank control) / (absorbance of the standard tube -absorbance of the blank control) 3 amount of phenol in the standard tube (0.02 mg)] / amount of total protein in each sample (g). The experiment was repeated 3 times.
OCN Content
The production of OCN by differentiated cells was measured via a Mouse Osteocalcin Kit (Cloud-Clone Corp., Katy, TX) as the release of extracellular matrix protein in the culture medium. Briefly, at 7, 10, and 14 days of the indicated time points, 100-mL cell culture medium specimens were centrifuged at 12,000 rpm for 5 minutes. The clear supernatant was used as the test samples. According to the instructions, the 10-fold diluted test samples, the standard samples, and the blank group were added and then incubated at 37 8C for 2 hours. The test solution was added and then incubated at 37 8C for 1 hour. After washing 3 times with wash buffer, 100 mL of test solution B was added and then incubated at 37 8C for 30 minutes. After washing 5 times with wash buffer, 90 mL of 3,3',5,5;-tetramethylbenzidine chromogen solution was added to each well, and the cells were incubated at 37 8C for 5 minutes. Upon adding 50 mL of stop solution, the absorbance was measured at 450 nm on a spectrophotometer. Then, we calculated the OCN level according to the corresponding sample standard curve. The data were expressed as nanograms of mouse OCN in the medium per milliliter. The experiment was repeated 3 times.
In Vivo Studies
Micro-CT Evaluation Detailed qualitative and quantitative 3-dimensional evaluations were examined by a micro-computed tomography system (Y. Cheetah, Garbsen, Germany). The scan was performed along the long axis of the scaffold. The tube voltage, the tube current, and the voxel size were 90 kV, 100 lA, and 20.0 3 20.0 3 20.0 lm, respectively. Micro-CT images and data were evaluated using image analysis software (VG Studio MAX 2.0, Heidelberg, Germany). Then, using Boolean operations, a region of interest was generated that consisted of bone in the material range. 25 To study the distribution of bone ingrowth within the scaffold in 3 dimensions, we measured the pore occupancy fraction (POF). The POF was normalized by the total pore volume available within the scaffold as follows: POF 5 V bone / (V bone 1 V residual pore ). 26 
Specimen Preparation
The samples were immediately fixed in 10% formalin solution and stored at room temperature for 1 week, rinsed with running water for 24 hours to remove formalin, dehydrated in a series of ascending alcohol fractions, and then embedded in methyl-methacrylate. Then, 100-to 120-mm-thick sections were cut using the Leica-SP 1600 diamond-saw microtome (Wetzlar, Germany). The resulting sections were attached to a glass slide using a resin adhesive, and a 24-hour setting time was allowed prior to grinding and polishing. The sections were then reduced to a final thickness of 50 to 60 mm using a series of silicon carbide abrasive paper under paraffin oil.
Toluidine Blue Staining
The sections were stained with toluidine blue staining. Histologic evaluation was performed using light microscopy (Olympus BX 511DP71, Japan). The bone area inside of the scaffold (A bone ) and the total pore area (A residual pore ) in the view were analyzed using ImagePro Plus 6.0 software (Media Cybernetics, Bethesda, MD). The bone formation area percentage 5 A bone / (A bone 1 A residual pore ) 3 100%, which indicates the area of bone formation.
Von Kossa Staining
The sections were stained with von Kossa staining. Histologic evaluation was performed using light microscopy. The calcium salt deposition island area inside of the scaffold (A calcium ) and the total pore area (A residual pore ) in the view were analyzed using Image-Pro Plus 6.0. The calcium salt deposition island area percentage 5 A calcium / (A calcium 1 A residual pore ) 3 100%. This value indicated the mineral deposit area of the newly formed bone.
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Statistical Analysis
Statistical tests were performed using SPSS 21.0 software (IBM Corporation, Armonk, NY). All the results were reported as the mean 6 standard deviation (SD) and tested for statistical significance using 1-way analysis of variance. A P value < .05 was considered statistically significant. (Figure 2A) . The CCK-8 values were 0.34 6 0.01 for the high-frequency ultrasound group, 0.35 6 0.01 for the low-frequency ultrasound group, and 0.33 6 0.01 for the control group at 1 day. The values were 0.93 6 0.01 for the highfrequency ultrasound group, 0.93 6 0.03 for the lowfrequency ultrasound group, and 0.91 6 0.02 for the control group at 3 days. The values were 1.59 6 0.03 for the high-frequency ultrasound group, 1.63 6 0.02 for the low-frequency ultrasound group, and 1.60 6 0.03 for the control group at 5 days. The values were 2.25 6 0.06 for the high-frequency ultrasound group, 2.28 6 0.05 for the low-frequency ultrasound group, and 2.12 6 0.07 for the control group at 7 days. The values were 2.34 6 0.10 for the high-frequency ultrasound group, 2.41 6 0.03 for the low-frequency ultrasound group, and 2.37 6 0.03 for the control group at 9 days. However, there was no significant difference in the CCK-8 value among different groups (P > .05). The above CCK-8 value reflects that LIPUS has no effect on the proliferation of MC3T3-E1 mouse osteoblast on the Ti64 scaffolds.
Results
In Vitro Results
After 4 days of stimulation, the PI values of MC3T3-E1 cells on Ti64 scaffolds were 24.83 6 1.25 for the high-frequency ultrasound group, 25.96 6 0.60 for the low-frequency ultrasound group, and 23.40 6 1.17 for the control group at 4 days, respectively. No significant differences were noted among the 3 groups (P > .05) ( Figure 2B) . The above PI value also suggests that LIPUS has no effect on the cell proliferation on the Ti64 scaffolds. Figure 3A presents cell ALP activity level of MC3T3-E1 cells cultured on porous Ti64 scaffolds. The ALP values were 1.30 6 0.16 U/gprot for the high-frequency ultrasound group, 1.41 6 0.14 for the low-frequency ultrasound group, and 1.10 6 0.13 for the control group at 1 day; 1.67 6 0.16 for the high-frequency ultrasound group, 1.76 6 0.12 for the low-frequency ultrasound group and 1.31 6 0.13 U/gprot for the control group at 4 days, 2.33 6 0.18 U/gprot for the high-frequency ultrasound group, 2.46 6 0.21 U/gprot for the lowfrequency ultrasound group and 1.78 6 0.16 U/gprot for the control group at 7 days, and 1.89 6 0.19 U/gprot for the high-frequency ultrasound group, 2.11 6 0.28 U/gprot for the low-frequency ultrasound group, and 1.43 6 0.14 U/gprot for the control group at 10 days, respectively. Significant differences were noted between the ultrasound and control groups at 4, 7, and 10 days 
ALP Activity and OCN Content
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J Ultrasound Med 2018; 00:00-00(P < .05). The values of the low-frequency ultrasound group were higher compared with the high-frequency ultrasound group, but there was no significant difference between these groups at each time point (P > .05). The above ALP value shows that LIPUS can promote the osteoblasts' early differentiation on the Ti64 scaffolds.
The OCN production released into the cell culture medium at each time point investigated is presented in Figure 3B . The OCN production increased with seeding time. The OCN content was 5.32 6 0.21 ng/mL for the high-frequency ultrasound group, 5.80 6 0.76 ng/mL for the low-frequency ultrasound group, and 4.65 6 0.26 ng/mL for the control group at 7 days; 7.89 6 0.46 ng/mL for the high-frequency ultrasound group, 8.04 6 0.61 ng/mL for the low-frequency ultrasound group, and 6.36 6 0.21 ng/mL for the control group at 10 days; and 8.51 6 0.47 ng/mL for the high-frequency ultrasound group; 9.03 6 0.57 ng/mL for the lowfrequency ultrasound group, and 7.19 6 0.26 ng/mL for the control group at 14 days, respectively. Significant differences were noted between the ultrasound and control groups at 10 and 14 days (P < .05). The values of the low-frequency ultrasound group were higher compared with the high-frequency ultrasound group, but no significant difference was noted between these groups at each time point (P > .05). The above OCN value indicates that LIPUS can promote the late differentiation of osteoblasts on the Ti64 scaffolds.
In Vivo Results
Micro-CT Images
Three-dimensional reconstruction images of the scaffolds (Figure 4 ) revealed bone ingrowth into the scaffolds. The bone tissue and Ti64 scaffold were in close contact, and more bone ingrowth was observed as time progressed in both the ultrasound groups and the control groups. The volume of new bone formation was larger in the ultrasound groups compared with the control groups, but there was no substantial difference between the high-frequency ultrasound-treated group and the low-frequency ultrasound-treated group.
Toluidine Blue Staining
At 3 weeks post-stimulation ( Figure 5 ), irregular woven bone formed in the scaffolds. Cells with larger proportions were arrayed in a disordered manner in the new bone. At 6 weeks, bone tissue was more mature, the bone area and width of the trabecula in the scaffolds increased. The cells were arranged in a more regular and lamellar structure, and typical osteons (Haversian system) and blood vessels were visible. The area of new bone formation and bone maturity were improved in the ultrasound groups compared with the control groups, but there was no significance difference between different frequencies in the ultrasound-treated groups. Figure 6 reveals the formation of calcium salt deposition islands (green arrows) in the scaffold at 3 weeks poststimulation, indicating mineral deposits. At 6 weeks, the area of the calcium salt deposition island in the scaffold increased. The area of the calcium salt deposition island was improved in the ultrasound groups compared with the control groups, but no significance differences were noted between different frequencies in the ultrasoundtreated groups. Figure 3 . A, ALP activity of the Ti64 scaffolds at 1, 4, 7 and 10 days. Significant differences are noted between the ultrasound and control groups at 4, 7 and 10 days (p < 0.05). B, OCN content of MC3T3-E1 cells on the porous Ti64 scaffolds at 7, 10, and 14 days. Significant differences are noted between the ultrasound and control groups at 10 and 14 days (P <.05). No significant differences are noted between different frequencies in the ultrasound groups at each time point (P >.05). n 5 3,*P <.05. HT, high frequency; LT, low frequency; CT, control group.
Von Kossa Staining
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Quantitative Analysis
The POF values at each point time investigated are presented in Figure 7A . POF values increased as time progressed. The POF values were 0.162 6 0.012 for the high-frequency ultrasound-treated group, 0.173 6 0.013 for the low-frequency ultrasound-treated group and 0.111 6 0.014 for the control group at 3 weeks. The POF values were 0.331 6 0.008 for the high-frequency ultrasound-treated group, 0.352 6 0.012 for the lowfrequency ultrasound-treated group, and 0.243 6 0.013 for the control group at 6 weeks. Significant differences were noted between the ultrasound-treated and control groups at 3 and 6 weeks (P < .05). The values of the low-frequency ultrasound-treated group were higher compared with the high-frequency ultrasound-treated group, but there was no significant difference between the groups at each time point (P > .05).
The bone formation area percentage ( Figure 7B ) was 21.89 6 3.24 for the high-frequency ultrasoundtreated group, 24.08 6 4.13 for the low-frequency ultrasound-treated group, and 16.44 6 4.39 for the control group at 3 weeks; 37.61 6 2.20 for the high-frequency ultrasound-treated group, 40.42 6 4.82 for the lowfrequency ultrasound-treated group, and 30.37 6 3.50 for the control group at 6 weeks. Significant differences between the ultrasound-treated and control groups were noted at 3 and 6 weeks (P < .05). The values of the lowfrequency ultrasound-treated group were higher compared with the high-frequency ultrasound-treated group, but no significant differences were noted between the groups at each time point (P > .05).
The calcium salt deposition island area percentage ( Figure 7C ) was 14.21 6 1.91 for the high-frequency ultrasound-treated group, 16.09 6 1.84 for the lowfrequency ultrasound-treated group, and 11.40 6 1.70 for the control group at 3 weeks, 20.64 6 2.20 for the high-frequency ultrasound-treated group, 23.14 6 2.09 for the low-frequency ultrasound-treated group, and 17.8 6 1.79 for the control group at 6 weeks. Significant differences were noted between the ultrasound-treated and control groups at 3 and 6 weeks (P < .05). The values of the low-frequency ultrasound-treated group were Figure 4 . Reconstructed 3D images of the scaffolds. More bone ingrowth is observed as time increases in each group. The volume of new bone formation is significantly increased in the ultrasound groups compared with the control groups at 3 and 6 weeks, but no significant difference is noted between different frequencies in the ultrasound groups at each time point. H3, high frequency, 3w; L3, low frequency, 3w; C3, control groups, 3w; H6: high frequency, 6w; L6, low frequency, 6w; C6, control groups, 6w. The gray part is the scaffold and the yellow part is the bone tissue.
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Discussion
LIPUS is a type of mechanical energy that is transmitted through and into biologic tissues as an acoustic pressure wave at frequencies above the limit of human fracture healing. LIPUS is used widely in medicine as a therapeutic, operative, and diagnostic tool 27 and promotes healing of fractures and bone defects. 1, 27, 28 In this study, the effects of different frequencies of LIPUS for bone formation on scaffolds were investigated by molecular biologic and histomorphologic evaluation. Our results have demonstrated that LIPUS with a frequency of both 1 and 3.2 MHz significantly stimulated cellular differentiation and bone formation in a 3-dimensional microenvironment. The likely sources for the biologic effects in our study are the mechanical forces created by the spatial and Figure 5 . Photomicrographs of scaffolds using toluidine blue staining. Six weeks after surgery, the amount of bone ingrowth and bone maturity in the scaffolds increased. The amount of bone ingrowth and bone maturity in the ultrasound groups are improved compared with the control groups at 3 and 6 weeks, but no obvious differences are noted between the 2 frequencies ultrasound groups at each time point. Scale bars represent 1 mm for a magnification of 40 3 and 100 mm for a magnification of 4003. H3, high frequency, 3w; L3, low frequency, 3w; C3, control groups, 3w; H6, high frequency, 6w; L6, low frequency, 6w; C6, control groups, 6w. The red arrows mark osteons, the green arrows mark blood vessels, the black region is the scaffold, and the blue region is the bone tissue.) The frequency of ultrasound waves affects the penetration depth of LIPUS and subsequently the dosage of ultrasound delivered to the target object. LIPUS frequencies in the range of 0.75 to 3 MHz are used for healing, with most machines set at a frequency of 1 or 3 MHz. 29 Lower frequencies of LIPUS exhibit increased depth of penetration. Based on this characteristic, ultrasound at a frequency of 1 MHz is recommended for deeper injuries and in patients with more subcutaneous fat. 29 A few studies are available that investigate the effect of LIPUS with different frequencies on bone healing. Takebe et al 9 reported increased new bone growth in the low-frequency (1-MHz) LIPUS group compared with the control group and high-frequency (3-MHz) LIPUS group in rabbit sinus augmentation models. Sasaki et al 28 concluded that 1.5 MHz of LIPUS exposure more effectively promoted vascular endothelial growth factor expression and angiogenesis compared Figure 6 . Photomicrographs of scaffolds using von Kossa staining. Six weeks after surgery, the amount of bone ingrowth in the scaffolds increased. The amount of calcium salt in the deposition island in the ultrasound groups are improved compared with the control groups at 3 and 6 weeks, but no obvious differences are noted between the 2 frequencies in the ultrasound groups at each time point. Scale bars represent 1 mm for a magnification of 40 3 and 100 mm for a magnification of 4003. H3, high frequency, 3w; L3, low frequency, 3w; C3, control groups, 3w; H6, high frequency, 6w; L6, low frequency, 6w; C6, control groups, 6w. The green arrows indicate mineralized nodules, the black region is the scaffold, and the red region is the bone tissue.)
Feng et al-Comparison of LIPUS on Osteogenesis on Scaffolds J Ultrasound Med 2018; 00:00-00with 3 MHz for rat femur bone defect healing. On the other hand, Monden et al 30 reported no significant differences in the gene expression of bone differentiation markers and the volume of newly formed bone in the rat femur bone defective area between the 1.5-MHz and 3-MHz groups. Lai et al 31 studied the healing effect of ultrasound at four different frequencies (0.5, 1, 1.5, and 2 MHz) in rabbit fibular fractures. Their results revealed that bone growth in the ultrasound groups at all frequencies less than 3 MHz was substantially enhanced compared with the sham group. However, no difference in bone growth was observed between the four different frequencies. In addition, Katiyar et al 32 reported that no difference in the effects of three different frequencies of LIPUS on the proliferation of MC3T3-E1 preosteoblastlike cells, but 1.5-MHz LIPUS increased more proliferation. The present study revealed that the quantity of new bone formation in the bone defect region was dependent on the frequency LIPUS application. Although no substantial differences were noted regarding the volume and area of new bone formation between the two frequencies, the molecular biological and histomorphological evaluation findings demonstrated enhanced bone defect healing in the 1-MHz group. However, Bronoosh et al 33 reported that 3-MHz LIPUS exhibits better biological effects in enhancing bone healing in rabbits' mandibular bone defects compared with 1 MHz. Our results are in agreement with the results of Monden, Lai, and Katiyar. The potential reasons that our results differ from those of Takebe, Sasaki, and Bronoosh are the following:
1. The differences in the microenvironment of osteogenesis. The studies of Takebe et al were conducted in a 2-dimensional culture environment, but our study was conducted in a 3-dimensional culture environment. The propagation mode of LIPUS in 2-and 3-dimensional environments is different, and thus, the result might be different. 2. The differences in the animal species and the regions of the bone defects. The thickness of the fat Figure 7 . A, The POF values. B, The bone formation area percentage. C, The calcium salt deposition island area percentage. Significant differences are noted between the ultrasound groups and control groups at 3 and 6 weeks (P <.05), but no significant differences are noted between the 2 frequencies in the ultrasound groups at each time point (P >.05). (*P <.05. HT, high frequency; LT, low frequency; CT, control group.
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and muscle of different animals and the regions of the bone defects are different, and the penetration depth of LIPUS is different. 3. The differences in LIPUS parameters, such as the intensity, time, duty cycle, and so on. The effects of osteogenesis that resulted from the different LIPUS parameters might be different.
Numerous reports suggest that LIPUS does not affect cell proliferation. [34] [35] [36] Akagi et al 35 reported no influence of LIPUS on cell proliferation in rat bone marrow cells. Veronick et al 36 demonstrated that LIPUS had no effect on MC3T3 mouse osteoblast cell proliferation on hydrogels. In our in vitro study, we also did not detect any effect of LIPUS on cell proliferation by CCK-8 and PI assays. Regarding the effect of LIPUS on cell proliferation, the viewpoints of the researchers are controversial. Wu et al 14 researched that LIPUS significantly promoted osteoblast proliferation by detecting the DNA content of the cells at 4 and 7 days on porous silicon carbide material. Katiyar et al 32 demonstrated that 75 mW/ cm 2 produced the greatest increase in osteoblast proliferation. However, ultrasound exposure at higher intensities (465 mW/cm 2 ) significantly reduced MC3T3-E1 cell proliferation. Hasegawa et al 37 investigated the effects of LIPUS on the osteogenic activity of hematoma-derived progenitor cells and found no change in hematomaderived progenitor cell proliferation. Thus, the effect of LIPUS on cell proliferation remains unclear. Numerous factors, including ultrasound frequency, intensity and duty cycle, the duration of the applied ultrasound beam, cell types, and space culture, potentially affect LIPUSstimulated cell proliferation.
Because of technical limitations, our ultrasound device Sonicator V R 740 has a 5-cm 2 applicator at 1 and 3.2 MHz (only 2 frequencies), which is the limitation of this study. It is an ideal design in that the optimal selection is performed among more than 3 frequencies.
Conclusions
In summary, under the present experimental conditions, LIPUS promoted osteoblast differentiation and maturity and enhanced bone ingrowth on porous Ti64 scaffolds. No significant difference was noted between 3.2-MHz and 1-MHz frequencies. Furthermore, the optimal parameters for LIPUS treatment combined with 3-dimensional scaffolds remain to be clarified, such as the intensity, time, duty cycle, and so on. Meanwhile, the mechanism of the effect of LIPUS on bone formation on 3-dimensional scaffolds needs to be explored.
